Background: Inositol is essential for viability, but its role in vacuolar function has not been previously characterized. Results: Inositol depletion and valproate compromise PI3,5P 2 homeostasis and perturb vacuolar function. Conclusion: Both inositol depletion and valproate perturb the V-ATPase. Significance: Understanding the cellular consequences of inositol depletion may provide insight into the therapeutic mechanism of action of the anticonvulsant drug valproate.
Inositol is a ubiquitous cyclitol that is required for the synthesis of numerous biologically important compounds. Cells derive inositol from three sources as follows: import from the extracellular medium; recycling of inositol 1,4-bisphosphate, which is derived from inositol 1,4,5-triphosphate, a by-product of the breakdown of phosphatidylinositol 4,5-bisphosphate;
and from de novo biosynthesis from glucose 6-phosphate (Glc-6-P). 2 In yeast, inositol supplementation triggers a global transcriptional response, where hundreds of genes have been shown to be regulated by inositol, including phospholipid biosynthesis genes that harbor the upstream activating sequence (UAS INO ) in their promoters (1) (2) (3) (4) . Inositol compounds, including inositol phosphates, phosphoinositides, ceramides, and glycosylphosphatidylinositol (GPI), have many structural and functional roles that include membrane biogenesis, membrane trafficking, signal transduction, gene expression, and cytoskeletal organization. Therefore, depletion of inositol has profound effects on cells (5) . In addition to causing alteration of lipid biosynthesis (6) and a decrease in phosphoinositides (7) (8) (9) , depletion of inositol results in activation of stress response pathways, including the PKC and the unfolded protein response pathways (10 -12) .
Inositol depletion has been implicated in the therapeutic mechanisms of drugs used to treat bipolar disorder. The inositol depletion hypothesis proposed by Berridge (13) posits that depletion of inositol caused by lithium leads to a decrease in inositol 1,4,5-triphosphate-mediated signaling and dampening of the PI cycle. We have previously shown that valproate (VPA), a branched, short-chain fatty acid used for the treatment of epilepsy (14) , bipolar disorder (15) , and migraine (16) , depletes inositol in yeast (17) by increasing the phosphorylation of myoinositol-3-phosphate synthase, the enzyme that catalyzes the first and rate-limiting step in inositol biosynthesis (18) . The mechanism that underlies the therapeutic efficacy of VPA is not known. Thus, elucidating the cellular consequences of inositol depletion could identify the mechanism of action whereby VPA elicits its therapeutic effect. Perturbation of inositol and phosphoinositide metabolism is associated with several disorders, including bipolar disorder (19) , Alzheimer disease (20, 21) , Lowe syndrome (22) , X-linked myotubular myopathy (23) , and type 2 diabetes (24, 25) . Dysfunction of the phosphoinositide PI3,5P 2 is specifically associated with the genetic disorders Charcot-Marie-Tooth disease (26) and fleck corneal dystrophy (27) .
PI3,5P 2 is the signature phosphoinositide of the vacuole (the yeast lysosome) (28) . It is generated from phosphatidylinositol 3-phosphate (PI3P) by the sole conserved kinase Fab1p (the homolog of PIKfyve), which is positively regulated by Vac7p and Vac14p (29 -31) . Fab1p, along with its known regulators, forms part of a protein complex that localizes to the vacuolar membrane during PI3,5P 2 synthesis (32, 33) . The regulated synthesis and turnover of PI3,5P 2 is proposed to underlie many aspects of vacuole function (34) , including regulation of vacuolar ion transport, membrane efflux, membrane turnover, and signaling (34 -37) . Although PI3,5P 2 makes up less than 0.1% of all phosphoinositides (38) , its absence from the cell has a profound effect on cell structure and function. The fab1⌬ mutant (which cannot synthesize PI3,5P 2 ) exhibits enlarged vacuoles, reduced vacuolar acidification, and perturbed trafficking. The mechanism that leads to these phenotypes is not fully understood. However, loss of PI3,5P 2 compromises V-ATPase activity and assembly (34) . In the same context, Baars et al. (35) showed that acidification of the vacuole is crucial for vacuolar fission, suggesting that PI3,5P 2 supports vacuolar fission by regulating V-ATPase activity.
The V-ATPase is an ATP-driven proton pump that plays a significant role in maintaining pH homeostasis necessary for the function of vacuoles and other organelles (39) . It mediates proton transport across membranes to acidify intracellular organelles and regulates the ionic balance within cells (40) . Present in the plasma membranes of specialized cells, the V-ATPase also helps regulate extracellular pH (41) . In osteoclasts, the V-ATPase facilitates bone resorption (42, 43) . In kidney cells, it is involved in the regulation of systemic acidbase balance (44) . Neuronal cells require the V-ATPase for uptake and storage of neurotransmitters in synaptic vesicles (45, 46) . The V-ATPase is also required in neurons for endocytosis (47), exocytosis (48) , and neurotransmitter release (49, 50) . The mechanism that links PI3,5P 2 to V-ATPase is not fully understood, but a recent study by Li et al. (51) showed that PI3,5P 2 may bind to the V 0 sector and activate the V-ATPase by stabilizing V 1 -V 0 interactions.
In this study, we examined the cellular consequences of inositol depletion caused by VPA. We show that inositol depletion, induced genetically (by starving inositol auxotrophs) or by VPA treatment, disrupts PI3,5P 2 homeostasis and causes a decrease in V-ATPase activity and H ϩ pumping. This is the first report to implicate inositol levels in the regulation of the V-ATPase and suggests a possible new therapeutic target of VPA.
Experimental Procedures
Strains, Media, and Growth Conditions-The Saccharomyces cerevisiae strains used in this work are listed in Table 1 . Cells were maintained on YPD medium (1% yeast extract, 2% bactopeptone, and 2% glucose). For growth of the deletion mutants, the medium was supplemented with G418 (200 g/ml). Synthetic minimal medium (SM) contained all the essential components of Difco yeast nitrogen base (minus inositol), 2% glucose, 0.2% ammonium sulfate, vitamins, the four amino acids histidine (20 mg/liter), leucine (60 mg/liter), methionine (20 mg/liter), and lysine (20 mg/liter), and the nucleobase uracil (40 mg/liter). Where indicated, inositol was used at a concentration of 75 M (Iϩ). For selection of cells carrying plasmids, appropriate amino acids were omitted. For solid media, 2% agar was added. To starve cells for inositol, ino1⌬ cells were grown overnight in SM supplemented with inositol, harvested, washed twice in distilled H 2 O, and resuspended in inositol-free medium (IϪ). For osmotic stress experiments, media were supplemented with 0.9 M NaCl. Growth in liquid cultures was monitored spectrophotometrically by measuring absorbance at 550 nm. All incubations were at 30°C unless otherwise stated.
Screening for Sensitivity to VPA-The BY4741 MATa haploid yeast deletion collection containing deletions of non-essential genes (4,815 strains) was used for this screen. Cells were precultured in 96-well microtiter plates in YPD supplemented with 15% glycerol and G418 (200 g/ml). A sterilized 96-pin replicator was used to inoculate 96-microwell plates containing synthetic complete medium supplemented with 2, 3, and 6 mM VPA. For the control, no VPA was added. Plates were incubated at 30°C for 5 days. Growth was scored relative to that of wildtype BY4741. Cultures that showed less growth than wild-type in the presence of 2-3 mM VPA were considered to be hypersensitive. To examine whether sensitivity was due to inositol depletion, drug sensitivity was tested in the presence or absence of inositol.
Cytosolic and Vacuolar pH Measurement-Cytosolic pH was measured using the yeast pHluorin, a pH-sensitive and ratiometric green fluorescent protein (52) . Wild-type cells were transformed with the construct pPGK-pHluorin, in which the yeast pHluorin is under control of a phosphoglycerate kinase promoter, a generous gift from Dr. Rajini Rao (Johns Hopkins University). Transformants were selected on SM lacking uracil (54) with slight modifications. Cells were grown overnight at 30°C with constant shaking. One ml of culture was pelleted and resuspended in 300 l of fresh medium containing 10 M FM4-64 and 50 mM PIPES (pH 6.5). Cells were incubated for 30 min, harvested, washed twice, and chased in fresh medium for about 2 h. For microscopy, cells were pelleted and resuspended in a small volume of fresh medium. To immobilize cells, coverslips were coated with a thin layer of 1% agarose dissolved in SM. Cells were examined using a fluorescence microscope.
Vacuole Isolation and Biochemical Characterization-For experiments with the LN284 ino1⌬ strain, cells were grown overnight in Iϩ medium to the mid-log phase. They were then washed and resuspended in IϪ buffered to pH 5 with 50 mM MES. For the Iϩ samples, cells were resuspended to a density of 0.3 A 600 /ml (to allow for growth during the incubation), and 100 M inositol was added. The IϪ samples were resuspended to 1.0 A 600 /ml and showed little growth during the incubation. Both samples were incubated for 4 h at 30°C with shaking. After incubation, cells from both types of experiments were converted to spheroplasts. Vacuolar vesicles were isolated through two Ficoll density gradient centrifugation steps as described (55) .
Wild-type cells (BY4741) were grown overnight to log phase in Iϩ or IϪ medium buffered to pH 5 with 50 mM potassium phosphate and 50 mM potassium succinate, with or without 0.6 mM VPA added. Cells were converted to spheroplasts, and vacuolar vesicles were isolated as described above.
ATPase activity in isolated vacuolar vesicles was assessed by a coupled enzyme assay (56) , and V-ATPase activity was determined by measuring ATPase activity in the presence and absence of the V-ATPase-specific inhibitor concanamycin A (Enzo Life Sciences). Total vacuolar protein was measured by the Lowry assay (57). Proton pumping was measured by the 9-amino-6-chloro-2-methoxyacridine fluorescence quenching assay (58) . Pumping was initiated by addition of ATP and Mg 2ϩ to final concentrations of 0.5 and 1 mM, respectively, and was inhibited by the addition of 100 nM concanamycin A. For immunoblotting, equal amounts of vacuolar vesicle protein were solubilized and separated on SDS-PAGE. The level of V-ATPase assembly was assessed on immunoblots probed with monoclonal antibodies 10D7 against V 0 subunit Vph1p and 8B1, 13D11, and 7A2 against V 1 subunits A, B, and C, respectively (59), followed by alkaline phosphatase-conjugated goat anti-mouse secondary antibody.
Fluorescence Microscopy-Imaging of yeast cells was performed using an Olympus BX41 epifluorescence microscope. Images were acquired using an Olympus Q-Color3, a digital charge-coupled device camera operated by QCapture2 software. The plasmids pRS415-FYVE-GFP used to localize PI3P and pRS416-Atg18-GFP used to localize PI3,5P 2 were the kind gifts from Dr. Scott Emr (Cornell University).
Electron Microscopy-Cells were grown in SM to the mid-log phase and processed as described previously (60) . Briefly, cells were harvested, fixed in 3% glutaraldehyde, 0.1 M sodium cacodylate (pH 7.4), 5 mM CaCl 2 , 5 mM MgCl 2 , and 2.5% sucrose, stained with osmium thiocarbohydrazide, and subjected to EM analysis at the Integrated Imaging Center at Johns Hopkins University.
Statistical Analysis-Statistical comparisons of vacuolar pH and V-ATPase and proton pumping activities were performed using GraphPad QuickCalcs. Results from at least three independent experiments were subjected to a two-tailed unpaired t test. p values of less than 0.05 were designated as significant and less than 0.01 as highly significant. A one-way analysis of variance test was used to determine the effect of VPA on cytosolic pH.
Results

Mutants in Vacuolar Sorting and the V-ATPase Are Sensitive
to VPA-VPA causes a decrease in inositol by inhibiting the enzyme that catalyzes the first and rate-limiting step of inositol biosynthesis (17, 18) , yet the cellular consequences of inositol depletion caused by VPA have not been characterized. To identify mechanisms or pathways that may be perturbed by VPA, we screened the yeast deletion mutant collection to identify mutants exhibiting increased sensitivity to VPA. Cells were grown in the presence or absence of 2, 3, and 6 mM VPA, with or without 75 M inositol. Growth was scored relative to that of wild-type cells. Of the 4,815 mutants screened, we found 84 mutants that were hypersensitive to VPA. They were classified into seven categories based on the reported functions of these genes according to the Saccharomyces Genome Database (Table 2 ). Group 1 consisted of 22 secretory pathway mutants, five of which were V-ATPase deletion (vma Ϫ ) mutants. These data suggest that mutants with defects in trafficking and vacuolar functions are particularly vulnerable to the effects of VPA.
VPA Perturbs the Vacuolar Structure as a Consequence of Inositol Depletion-The vacuolar structure is dependent on the delicate balance of solutes between the vacuolar and the cyto-solic compartments. This balance is largely determined by the vacuolar membrane, which has a distinctive lipid composition (61) and a variety of protein pumps that transport ions and protons across the membrane (62) . The proton gradient is maintained by the V-ATPase, which acidifies the vacuole. To determine whether VPA perturbs the vacuolar structure, wildtype cells were grown overnight in SM with or without inositol, in the presence or absence of VPA. In inositol-deficient medium (IϪ), VPA-treated cells exhibited decreased incorporation of FM4-64 ( Fig. 1A) , which enters the cells by endocytosis and labels the vacuolar membrane. In contrast, cells grown in the absence of VPA exhibited clear, well defined vacuoles. Inositol supplementation rescued the vacuolar defect of VPAtreated cells, suggesting that inositol depletion caused by VPA is responsible for perturbing the vacuolar membrane. To determine whether vacuolar perturbation is inositol-dependent, ino1⌬ cells, which cannot synthesize inositol, were grown overnight in the presence of inositol (Iϩ) and then switched to (IϪ) medium to induce inositol starvation. FM4-64 staining showed a pattern of vacuolar perturbation (Fig. 1B ) similar to that observed in the VPA-treated cells (Fig. 1A) . Taken together, these findings suggest that VPA perturbs vacuolar structure as a consequence of inositol depletion.
Perturbation of vacuolar structure was not sufficient to cause the vma Ϫ phenotype characteristic of V-ATPase mutants, i.e. sensitivity to high pH and high concentrations of calcium (39) . As seen in Fig. 2A , VPA did not inhibit growth of wildtype cells under these conditions. Oluwatosin and Kane (63) reported that yeast cells must lose 70 -75% of V-ATPase function to develop a vma Ϫ growth phenotype. Therefore, if perturbation of the vacuole by VPA resulted from inhibition of the V-ATPase, the loss of function was expected to be less than 70 -75%.
Because only a subset of the vma mutants were identified in the screen for VPA sensitivity (Table 2) , we further explored the sensitivity of other vma mutants to VPA, particularly those disrupting subunits of the membrane-bound V 0 sector. All of the vma⌬ mutants tested showed sensitivity to VPA, which was rescued by inositol (Fig. 2B ). VPH1 and STV1 encode two isoforms of the largest membrane subunit of the V-ATPase; single deletion mutants of these subunits exhibited modest VPA sensitivity that was rescued by inositol. These findings suggest that VPA triggers an inositol-dependent mechanism that increases sensitivity of the mutants to the drug. At least three possible mechanisms may explain this outcome. First, VPA may alter the cytosolic pH, which could exacerbate the defective pH homeostasis of vma Ϫ mutants. To test this, we used a pHluorinbased assay (52) to measure the effect of VPA on cytosolic pH. Within the range of concentrations of VPA used therapeutically (0.6 -2.0 mM), VPA did not alter the cytosolic pH (Fig. 3) .
A second possibility is that VPA triggers a mechanism that increases intracellular calcium levels, which inhibit growth of vma Ϫ mutants. This is not likely, as VPA does not appear to inhibit growth of wild-type cells in the presence of high Ca 2ϩ ( Fig. 2A) . A third possibility is that VPA disrupts the synthesis of phosphoinositides that are essential for vacuolar function. This possibility was investigated further.
VPA Alters the Dynamics of Vacuolar PI3,5P 2 -We addressed the possibility that VPA-induced inositol depletion affects PI3,5P 2 , the key phosphoinositide of the vacuolar membrane. We have previously shown that VPA causes inositol depletion within the first few hours after addition to growing cells (64) . To monitor the effect of VPA on the dynamics of PI3,5P 2 , we visualized this phosphoinositide in the vacuolar membrane over a period of 4 h, using a GFP-tagged PI3,5P 2 -binding probe containing an Atg18 domain (65) that specifically recognizes PI3,5P 2 (Fig. 4) . Within the first 2 h, striking differences were observed between the treated and untreated cells (Fig. 4) . VPA-treated cells showed punctate fluorescent structures on the vacuolar membrane, indicative of localized accumulation of PI3,5P 2 in those structures. These punctae persisted for a short time (less than an hour) and then gradually diminished as the vacuole grew in size. In the untreated cells, smaller punctae formed. Interestingly, however, the punctae rapidly developed into fluorescent and membranous bubblelike structures (arrows in Fig. 4) , which protruded into the lumen of the original large vacuole. The protrusions formed septae that resulted in the fragmentation of the original large vacuole into multiple smaller ones. The intense fluorescence indicates that these membranes are enriched with PI3,5P 2 , which suggests that vacuolar fission is preceded by a phase of increased PI3,5P 2 synthesis. This phenomenon was not observed in the VPA-treated cells, in which fluorescent membranes did not emerge out of punctae (as shown in the 2nd h). The vacuoles continued to increase in size for a few hours, after which the single enlarged vacuole started to diminish in size, rather than divide into multiple small vacuoles. Starvation for inositol in ino1⌬ cells resulted in a similar phenotype, which was rescued by inositol (Fig. 4) . These observations suggest that VPA perturbs the generation of PI3,5P 2 -enriched membranes, possibly by decreasing the synthesis of PI3,5P 2 during the first FIGURE 2. VPA does not cause a vma ؊ phenotype. A, wild-type (WT) BY4741 and isogenic vma3⌬, vph1⌬, and stv1⌬ mutant cells were precultured in SM Iϩ, washed twice to remove inositol, and spotted in a 10-fold dilution series on SM in the presence or absence of 75 M inositol and 2 mM VPA. Media were buffered to either pH 5.5 or 7.5. CaCl 2 (100 mM) was added to unbuffered medium. Cells were grown for 3-4 days at 30°C. B, inositol rescues VPA sensitivity of V-ATPase V 0 deletion mutants. Wild-type (WT) BY4741 and isogenic vma⌬ mutant cells were precultured in SM Iϩ, washed twice to remove inositol, and spotted in a 10-fold dilution series on SM in the presence or absence of 75 M inositol and 2 mM VPA. Cells were grown for 3-4 days at 30°C. The experiments were done twice in duplicate. 2 h. As a consequence, the vacuoles do not undergo fission but remain enlarged, a phenotype similar to that of the fab1⌬ mutant, which cannot synthesize PI3,5P 2 (66) .
Electron microscopy (EM) analysis of cellular changes associated with VPA showed that the drug enhances formation of single enlarged vacuoles within the 1st h of exposure (Fig. 5, A and B) . In this analysis, about 80% of VPA-treated cells showed single enlarged vacuoles compared with 20% in the untreated cells (Fig. 5, A and B) . These results are consistent with the finding shown in Fig. 4 , suggesting that VPA causes a phenotype consistent with compromised synthesis of PI3,5P 2 .
VPA Limits the Increase in Fluorescence Associated with the PI3,5P 2 Probe in Response to Osmotic Stress-PI3,5P
2 is the least abundant of the phosphoinositides in eukaryotic cells, comprising less than 0.1% of all phosphoinositides (38) . Decreased levels of PI3,5P 2 are associated with an increase in vacuolar size (66) , whereas an increase in levels of PI3,5P 2 is associated with vacuolar fragmentation (67) . Osmotic stress leads to a severalfold increase in levels of PI3,5P 2 (67, 68) and in the number of vacuoles per cell. To determine whether the vacuolar enlargement observed in VPA-treated cells is due to interrupted generation of PI3,5P 2 , we exposed wild-type cells harboring the GFP-tagged PI3,5P 2 -binding probe to osmotic stress and monitored the cells for accumulation of fluorescence. Although the untreated cells showed an increase in fluorescence within minutes of exposure to 0.9 M NaCl, significantly less fluorescence was observed in VPA-treated cells (Fig.  6A) . The finding that osmotic stress, which normally causes an increase in PI3,5P 2 levels, does not cause a similar increase in VPA-treated cells suggests that VPA compromises the generation of PI3,5P 2 .
Consistent with perturbation of PI3,5P 2 generation, osmotic stress did not induce vacuolar fragmentation in VPA-treated cells (Fig. 6B) . Wild-type cells were exposed to 0.9 M NaCl in the presence or absence of VPA, and the number of vacuoles per cell was determined (Fig. 6C) . For this purpose, about 100 cells were counted in each condition, and the percentage of cells with 1, 2-3, 4 -5, or Ͼ5 vacuoles was calculated. In the absence of VPA, osmotic stress caused a shift toward a higher number of Wild-type cells constitutively expressing a GFP-tagged PI3,5P 2 -binding probe (Atg18-GFP) were grown in SM at 30°C to the mid-log phase. VPA was added to a final concentration of 2 mM. Ino1⌬ cells expressing the GFP-tagged PI3,5P 2 -binding probe were initially grown in Iϩ medium and then transferred to inositol-deficient medium to initiate starvation. Cells were harvested at the indicated times following addition of the drug to WT or initiation of starvation in ino1⌬ and visualized by fluorescence microscopy. Arrows point to punctae. Scale bar, 1 m. The results are representative of at least three independent experiments. NOVEMBER 13, 2015 • VOLUME 290 • NUMBER 46 vacuoles per cell (Fig. 6C) . In contrast, about 85% of VPAtreated cells had single vacuoles (Fig. 6C) . This suggested that perturbation of PI3,5P 2 generation persists even under osmotic stress. Interestingly, when VPA-treated cells were kept under osmotic stress for about 2 h, total lysis of cells was observed. This suggests that VPA may cause cell wall defects or perturbation of the cell wall integrity pathway, rendering cells sensitive to the increased turgor pressure caused by the osmotic stress response. Alternatively, VPA may inhibit the osmotic stress response pathway. These findings suggest that VPA causes a constitutive decrease in PI3,5P 2 , which cannot be rescued by increased osmotic stress.
Inositol Depletion Perturbs the V-ATPase
To determine whether VPA-mediated perturbation of PI3,5P 2 is a consequence of decreased levels of PI3P (the precursor of PI3,5P 2 ), we visualized the changes in PI3P levels in response to VPA in fab1⌬ cells transformed with a PI3P-specific GFP-tagged PI3P-binding probe (69) . The fab1⌬ mutant was used because PI3P localizes to the vacuole in the absence of FAB1 (Fig. 6D) . No obvious changes in PI3P levels were detected in the VPA-treated cells (Fig. 6D) . This suggests that the decrease in PI3,5P 2 observed in the WT cells may be due to altered regulation of Fab1p or its regulators Vac7p and Vac14p, and not due to increased turnover of PI3,5P 2 into PI3P.
Inositol Deprivation and VPA Treatment Compromise V-ATPase Activity-V-ATPases catalyze ATP-driven proton transport resulting in organelle acidification and are central to multiple vacuolar functions. The sensitivity of the vma mutants to VPA (Fig. 2B) could reflect the effects of VPA on inositol biosynthesis but could also be less specific, as vma mutants are sensitive to multiple permeant weak acids (70) . In support of inositol depletion affecting the V-ATPase, reduced PI3P and PI3,5P 2 levels compromise vacuolar acidification (67) , and V-ATPase activity is regulated in response to PI3,5P 2 (51) . Given the evidence above indicating that inositol deprivation affects a number of properties of the vacuole and exerts an effect on PI3,5P 2 generation, we next asked whether V-ATPase activity was compromised in cells acutely deprived of inositol. ino1⌬ mutant cells lack the ability to synthesize inositol and thus are completely dependent on exogenous inositol. We deprived ino1⌬ mutants of inositol for 4 h and then isolated vacuolar vesicles. As shown in Fig. 7A , inositol deprivation significantly reduced both ATP hydrolysis (by 59%) and proton pumping (by 77%) (Fig. 7B) . V-ATPase activity is often regulated at the level of assembly, so we determined whether the loss of V-ATPase activity in the ino1⌬ mutant was accompanied by disassembly of the peripheral V 1 from the membrane V 0 subunits. As shown in Fig. 7C , levels of vacuolar V 0 subunit Vph1 and V 1 subunits A-C from the vacuolar membrane were comparable in the presence and absence of inositol, suggesting that the V-ATPase remains assembled under inositol deprivation conditions (Fig. 7C) .
Although wild-type yeast cells retain the ability to synthesize inositol and thus can grow in the absence of exogenous inositol, total cellular levels of inositol are reduced even when wild-type cells are grown in medium lacking inositol (71) . To determine whether this reduced level of cellular inositol would have an effect on V-ATPase activity, we grew wildtype cells overnight in IϪ or Iϩ medium and then isolated vacuolar vesicles. As shown in Fig. 8, A and B, ATPase activity and proton pumping were modestly decreased in vacuolar membranes from wild-type cells grown under inositol deprivation conditions.
We hypothesized that if inositol deprivation affects V-ATPase activity, then VPA treatment, which compromises inositol biosynthesis, might also compromise V-ATPase function, particularly in the absence of exogenous inositol. To test this, wildtype cells were grown overnight in Iϩ or IϪ medium, with or without 0.6 mM VPA. VPA treatment had no significant effect on ATPase activity, as shown in Fig. 8A . However, VPA treatment in the absence of added inositol completely eliminated proton pumping in three independent preparations of vacuolar vesicles (Fig. 8B) . Inositol supplementation reversed the effect of VPA on proton pumping, suggesting that VPA exerts its effects on the V-ATPase via inositol deprivation.
We next asked whether VPA treatment affects vacuolar pH using the fluorescent ratiometric pH indicator BCECF (53) . Vacuolar pH in cells grown in Iϩ or IϪ medium was similar, and preincubation with the V-ATPase inhibitor concanamycin resulted in a significantly higher vacuolar pH, suggesting that V-ATPase activity is a major contributor to vacuolar acidification under these conditions (Fig. 9) . Interestingly, VPA significantly reduced vacuolar pH, even in the presence of inositol. Because cytosolic pH is maintained in the presence of VPA (Fig. 3) , this may suggest that the vacuole is sequestering the weak acid VPA, resulting in a drop in vacuolar pH. Vacuolar pH remained highly sensitive to V-ATPase inhibition in Iϩ medium containing VPA, however. In contrast, vacuolar pH was no longer sensitive to concanamycin A in cells grown in IϪ medium containing VPA. This is consistent with the absence of V-ATPase-driven proton pumping in isolated vacuolar vesicles from these cells (Fig. 8B) , and this suggests that inositol-deprived cells treated with VPA can achieve an acidic vacuolar pH, but without a significant contribution from the V-ATPase. following exposure to osmotic shock (ϩNaCl). Wild-type cells constitutively expressing the GFP-tagged PI3,5P 2 -binding probe (Atg18-GFP) were grown in SM at 30°C to the mid-log phase and treated with 2 mM VPA for 1 h. Cells were harvested and exposed to hyperosmotic stress for 5 min in SM to which NaCl was added to a final concentration of 0.9 M. Cells were observed by fluorescence microscopy. B, vacuolar fragmentation in response to hyperosmotic stress. C, vacuolar morphology of VPA-treated and -untreated cells was analyzed by fluorescence microscopy and quantified. The number of cells containing 1, 2-3, 4 -5, or Ͼ5 vacuoles was determined. For each condition, about 100 cells were analyzed. The results are the mean of three independent experiments Ϯ S.E. (error bars). Statistical analysis using a two-tailed unpaired t test indicated a significant effect of VPA on the number of cells with single vacuoles. *, p ϭ 0.026 for (ϪNaCl), and **, p ϭ 0.0004 for (ϩNaCl). D, Wild-type cells constitutively expressing a GFP-tagged PI3P-binding probe (FYVE-GFP) were grown in SM at 30°C to the mid-log phase. VPA was added to a final concentration of 2 mM. Cells were harvested at the indicated times following addition of the drug and visualized by fluorescence microscopy.
FIGURE 7. Inositol depletion inhibits V-ATPase activity and reduces H
؉ pumping in ino1⌬ cells. ino1⌬ cells were grown in SM Iϩ buffered to pH 5 overnight and then washed twice and resuspended in either SM Iϩ or SM IϪ, both buffered to pH 5, and incubated for 4 h at 30°C. Vacuolar vesicles were isolated as described under "Experimental Procedures." A, mean concanamycin A-sensitive ATPase activity (in mol of ATP hydrolyzed per min/mg of protein) for three independent vacuole preparations is shown. Error bars represent S.E. B, proton pumping rate was assayed using the ACMA fluorescence-quenching assay as described under "Experimental Procedures." Results represent the mean Ϯ S.E. for three independent vacuole preparations. p values for significant differences based on unpaired two-tailed t test are indicated. C, immunoblots of vacuoles were probed for V 0 subunit Vph1 and V 1 subunits A-C as described under "Experimental Procedures." 7 g of vacuolar protein were loaded for detection of Vph1 and subunit C, and 5 g were loaded for detection of the A and B subunits.
Discussion
This study shows for the first time that both inositol depletion and VPA perturb the V-ATPase. We report the following novel findings. 1) Inositol depletion by VPA or starvation of ino1⌬ cells leads to perturbation of vacuolar structure. 2) VPA perturbs PI3,5P 2 generation and leads to an increase in vacuolar size. These perturbations are not rescued by osmotic stress, which normally up-regulates PI3,5P 2 synthesis. 3) Inositol starvation significantly reduces V-ATPase activity and proton pumping. 4) VPA significantly reduces V-ATPase proton pumping under inositol-limiting conditions. Taken together, these findings identify novel consequences of inositol depletion and provide evidence for a previously unidentified link between inositol and the V-ATPase.
The finding that inositol starvation perturbs the vacuole (Fig.  1) and reduces V-ATPase activity and proton pumping (Fig. 7) indicates that cellular inositol levels impact V-ATPase function. The V-ATPase responds to multiple environmental cues.
The V 0 /V 1 complex disassembles in response to glucose deprivation (72) . This work is the first to show that inositol is capable of modulating activity of the V-ATPase. One possible mechanism to explain this is based on the availability of Glc-6-P, a substrate that can drive either the inositol biosynthesis pathway or the glycolytic pathway. In the absence of exogenous inositol, de novo biosynthesis of inositol is activated, using Glc-6-P as the substrate for myo-inositol-3-phosphate synthase to generate inositol 3-P, which is subsequently dephosphorylated to produce inositol. However, when inositol is supplied in the medium, de novo biosynthesis of inositol is repressed, and thus more Glc-6-P is available for the glycolytic pathway; hence, more ATP is generated. Therefore, it is possible that increased V-ATPase activity observed in the presence of inositol (Figs. 7 and 8) is ultimately due to the availability of Glc-6-P required for glycolysis, ATP generation, and full V-ATPase assembly. However, it should be noted that V-ATPase assembly did not appear to change during acute inositol deprivation in the ino1⌬ cells (Fig. 7C ). This suggests that inositol deprivation exerts an effect on the V-ATPase that does not require disassembly of V 1 from V 0 . Recent evidence suggests that even in conditions that reduce V-ATPase activity, such as glucose deprivation, many of the V 1 subunits may remain loosely associated with the membrane (73) . It is therefore possible that inositol deprivation generates changes in V 1 -V 0 interactions that do not result in full release of V 1 subunits. A more plausible explanation is based on the decrease in phosphoinositide levels under inositol-limiting conditions (7, 9) . The observation that inositol rescued the perturbation of the vacuolar membrane in inositol-starved and VPA-treated cells (Fig. 1, A and B) suggests that decreased E. There were no significant differences between the V-ATPase activities between the four different conditions. B, initial rate of proton pumping was measured in the same preparations of vacuolar vesicles and the mean Ϯ S.E. ϫ 10 4 is shown. Three independent preparations of vacuolar vesicles from cells grown in the presence of VPA and the absence of inositol showed no proton pumping. p values for significant differences based on unpaired two-tailed t test are indicated. FIGURE 9. Vacuolar pH was measured using BCECF. Cells were grown to log phase overnight in the indicated medium buffered to pH 5 with 50 mM potassium phosphate and 50 mM potassium succinate. Cells were briefly deprived of glucose, and then vacuolar pH was averaged over a period of 100 s, starting 8 min after glucose re-addition. Black bars represent the mean of four independent experiments, with error bars corresponding to the standard error of the mean. Gray bars correspond to the means of paired samples incubated with the V-ATPase inhibitor concanamycin A for 15 min before glucose re-addition. Statistical comparison (unpaired t test) of Iϩ samples grown overnight with and without VPA indicated a significant difference with p ϭ 0.03. There was no significant (n.s.) difference between Iϩ and IϪ samples (p ϭ 0.94) or IϪ samples grown with or without valproate present (p ϭ 0.29). The average vacuolar pH in the presence and absence of concanamycin A was also compared for each sample. All of the samples except the IϪ, VPAϩ sample showed highly significant differences between concanamycin-treated (gray bars) and -untreated (black bars) (**, p ϭ 0.005-0.009). There was not a significant difference (p ϭ 0.12) with concanamycin A treatment of the cells grown in IϪ medium with VPA.
V-ATPase activity is due to a membrane defect, which supports the role of phosphoinositides. It was previously suggested that V-ATPase activity may be modulated by the phosphoinositide PI3,5P 2 (34, 35) , and Li et al. (51) reported that the V-ATPase is stabilized and activated by PI3,5P 2 . In support of the role of PI3,5P 2 in regulation of V-ATPase activity, the fab1⌬ mutant, which cannot synthesize PI3,5P 2 , has decreased V-ATPase activity (51) and enlarged vacuoles (66) . These phenotypes are very similar to those caused by VPA. We therefore hypothesize that inositol depletion caused by VPA alters the levels of PI3,5P 2, in the vacuolar membrane, and thereby causes a decrease in V-ATPase function.
The use of the GFP-tagged PI3,5P 2 -binding probe enabled us to monitor changes in the localization and relative abundance of PI3,5P 2 over time and under different conditions. The observation that VPA-treated cells exhibit vacuolar enlargement suggests that VPA causes a decrease in PI3,5P 2 levels. This could be a consequence of altered synthesis or turnover of this phosphoinositide. The inability of VPA-treated cells to increase PI3,5P 2 in response to osmotic shock (Fig. 6 ) further supports perturbation of PI3,5P 2 metabolism by VPA. It is well documented that hyperosmotic shock triggers a 20-fold increase in levels of PI3,5P 2 along with an increase in vacuole number (67, 68) . However, the mechanism underlying this response is undetermined (74) . Osmotically shocked VPA-treated cells did not show the same level of increase in PI3,5P 2 as the untreated cells (Fig. 6A) . Consistent with this, osmotic shock of VPA-treated cells did not trigger an increase in the number of vacuoles, in contrast to untreated cells in which ϳ80% of osmotically shocked cells showed multiple vacuoles (Fig. 6, B and C) . Taken together, these findings suggest that VPA impairs PI3,5P 2 generation and that this impairment persists even under osmotic stress.
One possible consequence of impaired PI3,5P 2 homeostasis is perturbation of the binding between PI3,5P 2 and the V-ATPase, possibly triggering a conformational change in the membrane-embedded V 0 sector and accounting for reduced H ϩ pumping (Figs. 7B and 8B) . Chan et al. (75) have shown that the tether region joining the cytosolic and membrane domains of Vph1 is critical for pharmacological uncoupling of the V-ATPase. Therefore, it is possible that altered levels of PI3,5P 2 may partially disturb this region, causing a functional uncoupling of the V-ATPase without the dissociation of the V 1 complex seen in fab1⌬ and vac14⌬ cells (51) . Alternatively, PI3,5P 2 may bind or recruit factors required for activation of the V-ATPase.
The changes in membrane dynamics that preceded vacuolar fission were intriguing (Fig. 4) . The emergence of PI3,5P 2 -enriched membranes from the localized dense formations on the vacuolar membrane suggests that an increase in PI3,5P 2 generation is a prerequisite for vacuolar fission, as several small vacuoles could be seen following protrusion of the PI3,5P 2 -packed membranes into the vacuolar space (Fig. 4) . Zieger and Mayer (76) reported similar structures, which they referred to as "membranous structures devoid of protein." The findings that protrusions did not form in the VPA-treated cells (ϩVPA, Fig.  4 ) and that the vacuoles did not divide, but instead fused together and enlarged (Figs. 4 and 5, A and B) , are consistent with perturbation of PI3,5P 2 homeostasis by VPA, and they suggest that a consequence of this perturbation is failure of the vacuoles to divide into multiple smaller vacuoles. It is tempting to speculate that the changes in PI3,5P 2 dynamics could identify a novel role for PI3,5P 2 whereby a transient increase in this phosphoinositide initiates vacuole fission, which otherwise does not occur in mutants that lack PI3,5P 2 .
The finding that V-ATPase pumping is greatly reduced in vacuolar vesicles from VPA-treated cells grown under inositollimiting conditions suggested that the vacuolar pH may be increased as a consequence. Surprisingly, BCECF measurements showed that vacuolar pH was significantly reduced in VPA-treated cells irrespective of V-ATPase activity, suggesting that VPA, a weak acid, may be sequestered in the vacuole. This may render these cells sensitive to stresses that challenge organelle acidification, in which V-ATPase activation helps to maintain organelle pH. For example, Ho et al. (77) recently showed that vacuolar pH could be maintained at near-normal levels in a fab1⌬ mutant, which has compromised V-ATPase activity, but that vacuolar pH was not stable during salt shock in the mutant. In summary, our findings suggest that inositol depletion and VPA perturb PI3,5P 2 generation resulting in decreased V-ATPase function and perturbation of the vacuole.
Implications for the Therapeutic Effect of VPA-The VATPase plays an essential role in the acidification and proper function of intracellular compartments, including lysosomes, secretory vesicles, and synaptic vesicles. The proton gradient generated by the V-ATPase is utilized in the uploading and storage of neurotransmitters (78) . Specific inhibition of V-ATPase activity has been shown to block uptake of L-glutamate and ␥-aminobutyric acid into vesicles (79, 80) . Several neurotransmitter receptor blockers have been shown to dissipate the pH gradient established by the V-ATPase, thereby altering the uptake of dopamine, ␥-aminobutyric acid, and glutamate (81) . A number of studies indicate that neurotransmission is altered in response to VPA (82) (83) (84) (85) . However, the mechanism whereby VPA elicits this effect is not known. Here, we show a mechanistic link between inositol depletion caused by VPA and perturbation of the V-ATPase. The functional conservation between vesicular trafficking in yeast and synaptic vesicle trafficking in mammalian neurons suggests that our findings may be pertinent to altered neurotransmission and may thus shed light on a novel mechanism of action of VPA.
In conclusion, our study shows that both inositol depletion and VPA treatment lead to impairment of V-ATPase function and altered dynamics of vacuolar PI3,5P 2 . This is the first demonstration of a link between inositol depletion and the V-ATPase. We speculate that altered levels of PI3,5P 2 in the vacuolar membrane as a consequence of inositol depletion may disrupt the conformational structure of the V 0 sector of the V-ATPase, impairing the efficiency of V-ATPase function. Although there appear to be additional effects of VPA on organelle acidification, weak acid effects are less likely to be physiologically relevant in mammalian cells, where the extracellular pH tends to be much higher than that of fungi. Therefore, we propose that therapeutic effects of inositol depletion caused by VPA may be mediated in part by effects on V-ATPases.
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